opening all of the inverter switches so that the machine behaves as an uncontrolled generator (UCG), with the two unfaulted phases connected to the inverter de link via the anti-parallel diodes; and 2) shorting the two remaining unfaulted phases together using the inverter switches.
INTRODUCTION
NTERIOR permanent magnet (IPM) synchronous I machines are attractive for a variety of applications because of their high power density, wide constant-power speed range, and excellent efficiency [ 1-21. However, faults in either the machine or inverter create special challenges in any type of PM synchronous machine drive because of the presence of spinning rotor magnets that cannot be turned off at will. It is very important to understand the IPM drive's fault response in order to prevent fault-induced damage to either the machine, the inverter, or to the connected load.
This paper investigates an important hult class for an IPM machine in which one of the phases becomes open-circuited.
This type of fault can be caused by mechanical failure of a machine terminal connector, an internal winding rupture, or by an electrical failure in one of the inverter phase legs.
Classic dq analysis techniques work well when electromagnetic asymmetries are limited to only the stator or rotor. However, a single-phase fault in an IPM synchronous machine poses special problems for applying dq analytical techniques because of the resulting electromagnetic asymmetry that appears on both sides of the air gap. An effective technique for adapting dq analysis to this special problem has been developed that has not been addressed in previous papers discussing the single-phase IPM machine fault condition This paper investigates two alternative post-fault inverter control strategies. The first control strategy is to remove gate excitation fiom all of the inverter switches so that the two remaining phases are connected to the dc bus only by the anti-parallel diodes acting as uncontrolled rectifiers. This strategy will be referred to as uncontrolled generation (UCG) operation [5] because the machine delivers energy back to the de link through the rectifiers without any active inverter control.
The second strategy is to short the two unfaulted phases together by turning on either the upper or lower inverter switches in each of these phases, thereby connecting the two machine terminals to one of the inverter dc buses.
Analytical techniques appropriate for the single-phase IPM machine fault condition are presented in the next section, followed by presentations of simulation and experimental verification test results.
MOTOR MODEL DERIVATION
The usual dq model for an IPM machine [ 1-21 assumes that the terminal voltages are always defined. This assumption is no longer valid when one phase opens, making it necessary to derive a new model. This model takes a special form since the fault condition appears in the stationary reference fiame while the synchronous machine calls for adoption of a synchronously-rotating reference fiame to handle the rotor's electromagnetic asymmetry.
For the purpose of developing a dq model of the IPM machine with one of the phases open-circuited, it will be assumed that phase U is open-circuited and phases b and c continue to be connected to a driving voltage source specified by the system. It is relatively simple to adapt the resulting model such that one of the other phases is the one with the open circuit. Fig. 1 shows the reference frame definitions 161 used for this derivation. Transformation equations to convert variables fiom the stationary abc reference frame to the stationary dq reference fiame and back again are given as:
where f is a dummy variable representing a machine voltage, current, or flux, and the superscript s designates a variable in the stationary reference frame.
The transformations between the synchronously-rotating and stationary frames are:
where the superscript e designates variables in the synchronous reference frame (see Fig. 1 ).
Having chosen phase a as the faulted phase so that ia = 0, and assuming that the machine is ye-connected with a floating neutral so that i$ = 6 = 0, (2) and (4) lead to where 0, is the angle defining the orientation of the synchronous reference frame as shown in Fig. 1 .
The inverter output voltages can be defined relative to the negative bus terminal (designated by a subscript B) as shown in Fig. 2 where r,, Ld, L,, and Ymag are the stator resistance, d-and qaxis inductances, and the permanent magnet flux linkage, respectively. Magnetic saturation is a significant effect along the q-axis and is modeled in (9) by:
Torque production in the IPM machine is given by
where P is the number of pole-pairs.
d-axis voltage can be expressed as
Using the transformation equation (4), the stationary-frame
Equations (9) and (1 0) can be substituted into (1 3) to give
Considering the constraint that the q-axis stationary frame current must be zero as given in (5), it is usefbl to define two new auxiliary variables in order to simplify (14) and to avoid singularities in the resulting differential equations. These new variables are defined as Substituting ( 1 5 
Equation (20) can be rearranged and simplified to give Equation (2 1) completely characterizes the response of the IPM synchronous machine when phase a is open-circuited. Notice that this system is reduced in order fiom two to one compared with the usual case of three-phase excitation. During normal operation, two of the three phase currents are independent in a threewire, wye-connected system. As soon as one of the phases becomes disconnected, only one of the two remaining phase currents can be independent since the two currents must still add to zero to satisfy KirchofPs law. As a result, only one differential equation is required to characterize the single independent current when one phase is open-circuited.
sIMULATION RESULTS
Using the model developed in Section 11, two post-fault operating conditions were investigated via simulation using SIMuLINK@, with data post-processing in MATLAl3@. As described in Section I, the first control strategy is to remove gate excitation from all of the inverter switches so that the machine operates in its uncontrolled generation (UCG) mode [5] . The second strategy is to short the two unfaulted phases together by turning on either the upper or lower inverter switches in each of these phases. In both cases, phase a remains open-circuited following initiation of the fault.
Parameters for a 70kW (peak) IPM machine (see Appendix for values) were used for all of the simulation results shown in this section. The simulations were run with balanced three-phase excitation and a 50kW load prior to initiation of the open-circuit fault. The rotor speed and bus voltage for each simulation is individually specified.
In all of these simulations, it has been assumed that the open circuit is initiated in phase a at a time instant when the phase a current is naturally passing through zero. This approach avoids large inductive voltage transients at the machine terminals that complicate the analysis without having any other impact on the machine's dynamic fault response.
A. Tw-phase uncontrolled generator response
Figs. 3 and 4 show the simulated machine response when the control action of the inverter is to remove the gating pulses of phases b and c as soon as phase a is open-circuited. For these simulations, the hult occurs at time t=O. The simulations were carried out.for two bus voltages, 350V and 290V, corresponding to the maximum and minimum voltages, respectively, of a battery pack power supply.
The speed used for the simulations was 7200rpm. This is the maximum speed in the desired operating range and represents a worst-case condition since the voltage difference between the machine's back-emf voltage and the bus voltage is largest under these conditions. Since the back-emf voltage is proportional to rotor speed, the post-fault currents disappear entirely when the speed drops to the point that the phase-leg diodes never become forward biased following fault initiation.
For both of the bus voltage conditions investigated, the resultant phase b and c currents are discontinuous. As a result, the system transitions to a steady-state operating point within the first electrical cycle. For the case of maximum bus voltage (350V), the peak phase current is only 5.4A, while it increases to 30.8A for minimum bus voltage (290V). Both of these are significantly less than the machine's rated peak phase current of 154A at 50kW output power and 350V bus. Fig. 4 shows the electrical torque developed during twophase UCG operation. The torque is pulsating in nature due to the discontinuous currents in the machine. The motor torque during UCG operation is always negative, corresponding to braking torque. This is consistent with the observation that the drive system can only regenerate energy to the dc link during this mode because of the diodes.
For the machine drive system studied, the braking torque amplitude is small with peaks of -2.5" &d -1 1 . 7 " for a 350V bus and 290V bus, respectively. Average braking torque values are even lower: -0.45" and -2.99" for 350V and 290V, respectively (see Table I ). This compares to the pre-hult torque of +66.3Nm corresponding to 50kW output power at 720". As discussed in reference [5], the braking torque during UCG operation will increase if the permanent magnet flux linkage Ymag is increased, boosting the available back-emf at any speed, and hence, boosting the resulting stator current as well. Thus, care must be taken in extrapolating the quantitative results for this machine to any other machine without carrying out the necessary analysis using the new machine's parameters.
B. Two-phase short circuit response
An alternative post-hult control strategy is to purposely short the two remaining machine phases (phases b and c) by closing either the lower or upper pair of inverter switches for the conducting phases. This action has the effect of disconnecting the machine fiom the dc link power source.
Simulation results for this control strategy are presented in Figs. 5-9 for two rotor speeds, lOOOrpm and 7200rpm. For these simulations, a d-axis inductance of 0.35mH was used rather than the 0.4mH value appearing in the Appendix. This lower value, reflecting modest satmation, corresponds to the reaching peak values exceeding 200A that fall in the vicinity of peak currents experienced during 70kW peak power delivery. The average braking torque production is very low (-0.39" as indicated in Table I ), but the pulsating torque due to the unbalanced excitation is noticeably higher, reaching peak values of approximately 50".
The shapes of the torque and current waveforms are not perfectly sinusoidal due to the effects of q-axis saturation.
Figs. 5-8 indicate that the peak values of the fault current and torque change little when the rotor speed is changed from lOOOrpm to 7200rpm. This is due to the fact that the backemf and the machine reactances are all proportional to rotor speed (i.e., frequency), so that the resulting current associated with their ratio (i.e., E/X) is quite insensitive to speed. It is only at low speeds when the resistance effects become dominant that the currents and torque become increasingly speed-sensitive. This is seen in Fig. 9 , which shows a ramp speed profile from 7200rpm to Orpm during operation with phases b and c shorted. In this simulation, the current amplitudes remain near@ constant until the machine speed drops to values less than approximately 5OOrpm, where the currents decay to 0.
Since the drive system is incapable of transferring energy back to the dc link with the shorting strategy, the only places to dissipate braking energy in the machine are the stator resistances and iron core losses. Hence, the average value of braking torque is reduced if the machine design is modified to improve its efficiency. Figs. 10 and 11 show the steady-state results of the machine response using the UCG control strategy. The lineto-line machine terminal voltage Vbc is shown in addition to the phase b and c currents, highlighting the intervals when the phases are conducting. When the dc link voltage was set to 350V, the measured phase w e n t had a peak value of 2.9A compared with a simulated peak value of 5.4A. For the same test with a 290Vbus, the peak phase current was measured to be 2 8 . 2 4 closely matching the simulated value of 30.8A. Waveshape agreement is also generally quite good.
The poorer quantitative agreement at the higher bus voltage is most likely caused by that fact that the machine is operating right on the edge of conduction under these conditions. This means that the low current amplitude depends on the difference between two nearly-equal large numbers (i.e., the bus voltage and back-emf), causing a heightened sensitivity to errors in the measured machine parameters. In addition, parasitic loss parameters such as cable resistances and friction and windage losses are not included in the simulations, contributing additional error sources that can be significant under these operating conditions at the threshold of diode conduction. Fig. 14 shows one of the measured phase currents when the drive system was subjected to an externally applied speed profile fiom 720Orpm to Orpm with one of the phases opencircuited and the remaining two phases shorted together. The measured stator current envelope matches the predicted envelope fiom Fig. 9 quite well, v e r i w g that the stator current is quite independent of speed until the speed drops below SOOrpm.
The average machine torque was measured for the UCG control strategies with both 290V and 350V de bus voltages, and these values are compared with the predicted simulation values in Table I . The measured torque values confirm that the average braking torque is low at all speeds for the test machine with the UCG stratea and that quantitative agreement between measured and simulated torque values is quite good. Unfortunately, it was not possible to obtain meaninghl average torque measurements for the shortedphase case due to torquemeter instrumentation problems caused by the high ac pulsating torque amplitude. Using this model, system response to a fault caused by a sudden opening of one phase has been investigated. Key observations fiom this investigation include the following:
0 If the action taken by the control is to remove the gate pulses fiom the inverter switches, the resulting system response is totally benign at low speeds. Sustained fault currents and torque will be induced only when the speed increases to the point that the lineto-line machine backemf exceeds the dc link voltage. Pulsating braking torque is developed at these elevated speeds, and the average torque value will depend on the machine parameters. These trends make it desirable to design the IPM machine with the lowest possible magnet flux linkageYmag and a high inductance saliency ratio L, 1 Ld.
0 If the action taken by the control is to short the remaining two unfaulted phases together, high-amplitude stator currents and pulsating torques will be induced at twice the excitation frequency due to the unbalanced excitation. Although the peak values are high for all speeds above a few percent of base speed, the average value of the fault braking torque will be low. The current and pulsating torque amplitudes will vary little over a wide speed range except at low speeds where the stator resistance exerts more influence to reduce the currents. In conclusion, the open-circuit hult represents a relatively benign operating condition, particularly if the machine's back-emf is low (i.e., low Ymag) and the post-fault control strategy is to immediately remove the switch gate pulses. This observation highlights the importance of coordinating the design of the IPM machine and the drive control strategy to optimize performance under both normal and faulted operating conditions. We also gratefully acknowledge helpful technical discussions with Prof. T . A . Lip0 at the University of Wisconsin-Madison.
